Streptococcus pneumoniae is one of the leading causes of both invasive and noninvasive diseases in the pediatric population and continues to represent a significant public health burden worldwide. The increasing incidence of antibioticresistant strains of the pathogen has complicated treatment and management of the various pneumococcal disease manifestations. Thus, the best management strategy may be the prevention of pneumococcal diseases through vaccination. Although several pneumococcal conjugate vaccines have been clinically studied in infants and children, only a 7-valent conjugate vaccine (PNCRM7; Prevnar ® / Prevenar ® ) is currently approved for the prevention of invasive disease. Vaccination with PNCRM7 is safe and effective in infants and young children. Routine vaccination with the conjugate vaccine could improve outcomes by safeguarding against the development of antibiotic-resistant strains of S. pneumoniae, thus simplifying the management of pneumococcal disease. Additionally, the overall costs associated with the treatment of pneumococcal diseases could be substantially reduced, particularly in developing countries. The time has come for fully applying this new advancement against S. pneumoniae, to benefit the children of the world. The Spanish version of this paper is available at: http://www.insp.mx/salud/index.html 
Resumen
Streptococcus pneumoniae es uno de los principales agentes causantes de enfermedades invasoras y no invasoras en la población pediátrica y sigue representando uno de los principales problemas de salud pública a nivel mundial. La incidencia creciente de cepas resistentes a diversos antimicrobianos ha complicado el tratamiento y manejo de varias de las manifestaciones de la enfermedad neumocócica. Con éstas consideraciones, la mejor estrategia de manejo es la prevención de éstas enfermedades a través de la vacunación. A pesar de que se han estudiado diversas vacunas neumocócicas conjugadas en niños, solo una vacuna 7-valente conjugada (PNCRM7; Prevnar ® /Prevenar ® ) se encuentra aprobada para la prevención de enfermedades invasoras en niños. La vacunación con PNCRM7 es segura y efectiva en infantes y niños pequeños. La vacunación rutinaria con la vacuna conjugada podría mejorar el resultado de los tratamientos, previniendo el desarrollo de cepas resistentes de S. pneumoniae y simplificando el manejo de las enfermedades neumocóci-cas. Además, los costos asociados con el tratamiento de estas enfermedades se reduciría substancialmente, particularmente en los países en desarrollo. El tiempo ha llegado para aplicar este nuevo avance contra S. pneumoniae y obtener todos los beneficios que así merecen los niños del mundo. El texto completo en español de este artículo está disponible en: http://www.insp.mx/salud/index.html S treptococcus pneumoniae has become one of the most important bacterial pathogens in infants and children, especially in populations where the Haemophilus influenzae type b (Hib) vaccine has been introduced. 1 It is the leading cause of bacterial pneumonia, bacteremia, and bacterial otitis media, and one of the 3 most common causes of bacterial meningitis in children younger than 5 years of age. 2, 3 Worldwide, approximately 4 million children die each year from pneumonia; 1 million of these deaths have been attributed to S. pneumoniae. 4 Most of these deaths occur in children younger than 1 year of age living in developing countries. 5, 6 S. pneumoniae represents the most common cause of community-acquired pneumonia (CAP) in the United States, accounting annually for 500 000 cases of pneumonia and 100 000 to 135 000 hospitalizations. 7 Disease rates associated with S. pneumoniae are particularly high in young children, the elderly, and patients with predisposing conditions such as asplenia, chronic medical conditions (e.g., heart disease, lung disease, kidney disease, diabetes, alcoholism) or immunosuppressive illnesses, particularly acquired immunodeficiency syndrome (AIDS). These same groups are at greater risk of pneumococcal invasion to the bloodstream and central nervous system, and thus, are at greater risk of death. 8, 9 The incidence of pneumococcal infection varies geographically, but increasing rates have been observed in many developed and developing countries. In a survey of 560 pneumococcal blood isolates from patients in Southern Sweden between 1981 and 1996, the incidence of pneumococcal bacteremia increased from 5.2 to 15.2/100 000 per year. 10 In Denmark, the incidence of invasive pneumococcal disease (IPD) has increased more than 10 times over the last two decades, as judged by the number of isolates of S. pneumoniae obtained from blood and cerebrospinal fluid. 11 Since 1993, surveillance studies in Latin American countries -coordinated by the Pan American Health Organization (PAHO) and performed by the Sistema Regional de Vacunas (SIREVA)-network-have revealed a high incidence of pneumonia and meningitis in children younger than two years of age. Children of this age group are more likely to be infected by pneumococci and have a decreased susceptibility to penicillin than older children. [12] [13] [14] [15] [16] [17] [18] [19] Considering the development of multivalent pneumococcal conjugate vaccines and the results of the first large clinical trial of a pneumococcal 7-valent conjugate vaccine (PNCRM7; Prevenar ® /Prevnar ® ), the objectives of this article are to: a) review the characteristics and methods of transmission/carriage of S. pneumoniae; b) review the clinical epidemiology of pneumococcal diseases (both invasive and noninvasive); c) describe the rationale for vaccination against this pathogenic organism; and d) review the efficacy of the pneumococcal conjugate vaccines currently under investigation or commercially available.
The Pathogen
S. pneumoniae has been one of the most extensively studied microorganisms since its first isolation in 1881. In 1928, Griffith observed that when heat-killed encapsulated pneumococci and live strains constitutively lacking any capsule were concomitantly injected into mice, the nonencapsulated pneumococci could be converted into the encapsulated form with the same capsular type as the heat-killed strain. 20 Years later, the nature of this "transforming principle" was shown to be DNA. 21, 22 Other important discoveries about S. pneumoniae resulted from investigations in: a) the therapeutic efficacy of penicillin; b) the role of the bacterial capsule in resistance to phagocytosis; c) the ability of polysaccharides (PS) to induce antibodies; d) the first demonstration of antigen-specific tolerance or immunologic unresponsiveness; e) the discovery of regulatory thymus-derived T lymphocytes; and f) the recognized use of PS antigens as vaccines. 22, 23 Pneumococci are lancet-shaped gram-positive bacteria that grow in pairs or short chains. The capsule of the bacteria consists of high-molecular weight polymers of repeating oligosaccharides, which contain between 2 and 8 monosaccharides. The capsule has long been recognized as the major virulence factor of S. pneumoniae. On the basis of difference in capsular structure, pneumococci can be divided into about 40 serogroups and 90 serotypes. 24 The Danish nomenclature classifies serotypes according to structural and antigenic characteristics. The distribution of serotypes isolated from adults differs substantially from those isolated from children. Geographic and age-related differences in the incidence of certain S. pneumoniae serogroups have led to the proposal that, from an epidemiologic standpoint, each should be considered as a separate pathogen.
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Transmission and Carriage of S. pneumoniae S. pneumoniae commonly colonizes the nasopharynx asymptomatically in healthy children and adults. 26, 27 This encapsulated potential pathogen is considered a constituent of the normal upper respiratory flora in humans and the main source of person-to-person transmission. Pneumococcal infections are preceded by bac-S salud pública de méxico / vol. 43, no.4, julio-agosto de 2001 Echániz-Avilés IG, Solórzano-Santos F terial colonization of the nasopharyngeal mucosa, 28 where the bacteria can persist as part of the commensal flora without causing disease.
Nasopharyngeal carriage of S. pneumoniae is more common in young children than adults, and children play an important role in the transmission of pneumococcal disease in the community, due to this high carriage rate and the method of transmission (respiratory droplets). Furthermore, children influence carriage rates in adults. Colonization is generally inversely proportional to the patient's age. According to Fedson, 29 pneumococcal carriage in adults without children is 6%, compared with carriage from 18% to 30% among adults with children. Carriage in preschool children is as high as 60%, in primary school children, 35%, and in high school students, 25%. The duration of carriage varies, depending on the host's age and the serotype of the colonizing strain; carriage typically ranges between 1 and 17 months. 28 The factors responsible for the transition from carriage to disease include the ability for recognition of and attachment to human nasopharyngeal cells and internalization to other body sites. Other events, often derived from the host, may contribute to the development of symptoms referable to the infected site. An excellent review of the molecular events contributing to targeting pneumococci to various sites of infection and the development of symptomatic pneumococcal disease was recently published by Tuomanen and Masure. 30 Although antibiotic treatment is considered an important risk factor for nasopharyngeal carriage of antibiotic-resistant pneumococci, few studies have evaluated the immediate effect of antibiotic treatment on nasopharyngeal colonization. Dagan and associates investigated the dynamics of pneumococcal nasopharyngeal colonization in pediatric patients during the first few days of treatment with cefaclor, cefuroximeaxetil, azithromycin, or amoxicillin/clavulanate. 31 Results indicated that cefuroxime-axetil reduced carriage of pneumococci from 67% on Day 1 to 31% on Days 4 or 5. In contrast, cefaclor did not reduce pneumococci carriage over this period. Importantly, neither cefuroxime-axetil nor cefaclor significantly reduced carriage of penicillin-resistant pneumococci. Pneumococci were isolated from the nasopharynx of 57% of azithromycin recipients on Day 1 of treatment; 25% of isolates were azithromycin-resistant. The study also showed that on Days 4 or 5, a new serotype was isolated in 16% of patients, 84% of which were resistant to the respective antibiotic class. These results suggested that significant changes in nasopharyngeal colonization of pneumococcal species occurred early during treatment, with a rapid emergence of antibiotic-resistant strains.
Pneumococcal Antimicrobial Resistance
Contributing to the urgency of pneumococcal disease prevention is the increasing resistance of S. pneumoniae to penicillin and other commonly used antibiotics, including cephalosporins and macrolides. According to the National Committee for Clinical Laboratory Standards, strains with a minimal inhibitory concentration (MIC) of 0.1 µg/ml to 1.0 µg/ml are defined as having intermediate resistance to penicillin, and strains with an MIC of 2.0 µg/ml or greater are considered highly or fully resistant. 32 Highly resistant strains are more likely to be resistant to other antibiotics such as erythromycin, tetracycline, chloramphenicol, and trimethoprim-sulfamethoxazole. 33 Antibiotic-resistant pneumococci are being isolated at an increasing rate, and they have become a serious worldwide problem. Investigators in Boston first reported clinical resistance to penicillin in S. pneumoniae in 1965, but did not recognize the significance of that resistance. 34, 35 Subsequently, this phenomenon was reported in Australia in 1967 and in South Africa in 1977, where strains with both a high level of penicillin resistance and multiple antibiotic resistances were reported. Penicillin resistance spread rapidly throughout the world in the 1980s, mainly in South Africa, 36, 37 Spain, 38 Hungary, 39 Czechoslovakia, 40, 41 Asia, 42 the United States of America (USA), 43, 44 Australia, 45 and other European countries. [46] [47] [48] In Latin American countries (i.e., Argentina, Brazil, Colombia, Chile, Mexico, and Uruguay), the SIRE-VA network in 1998 studied 1 649 sterile-site isolates from children younger than 5 years of age. The study reported that overall, 24.9% of isolates had diminished susceptibility to penicillin; 16.7% had intermediate resistance, and 8.3% had high-level resistance. 12 The same group had recently reported an overall resistance to penicillin of 34.2%; the lowest resistance to penicillin was reported in Brazil (22.3%) and the highest in Mexico (49.4%) among pediatric invasive pneumococcal isolates. 19 The first multiple resistant strains of pneumococci were found in children; since then, resistant strains have been shown to be more common in children than in adults. The reason for this association is unclear, but probably reflects the widespread use of antibiotics in children, who more frequently carry pneumococci than adults. This affords a greater chance of conditions conducive to transformation occurring in the nasopharynx of children. 49, 50 Penicillin therapy reduces the carriage of penicillin-susceptible strains in children, but often does not eliminate them. 51 Because such therapy also selects for colonization of the nasopharynx of children with resistant strains, the coexistence of resistant and susceptible strains is favored by penicillin therapy. In multiply resistant strains, exposure to one antibiotic, for example, trimethoprim-sulfamethoxazole, may select for penicillin resistance more readily than does penicillin therapy itself. 33, 52 An analysis of the evolution of pneumococci suggests that the global increase in the incidence of penicillin-resistant pneumococci involves at least two processes. The first process is the importation and spread of a small number of resistant clones, with advantages over local strains, in an environment in which antibiotics are often misused. [53] [54] [55] The second is the in vivo selection of indigenous strains with modified penicillin-binding proteins (pbp), 56 either by replacement of part of pbp genes by interspecies or homologous recombinational events, or by the acquisition of point mutations in pbp genes. 52, 57, 58 Different non-pbp resistance mechanisms have been described for antimicrobial resistance of pneumococci, 59, 60 and others that are under investigation that might play an important role in the dissemination of antimicrobial resistance, with severe clinical consequences. 61 In Latin American countries, studies from the SI-REVA network done as part of a collaborative project with Rockefeller University in New York, have shown the presence of resistant international clones circulating in the region, mainly the Spanish 23F clone in Mexico and Colombia 62, 63 and the French 14 clone in Uruguay and Argentina. 64, 65 This suggests that a major part of the antimicrobial resistance within the region is due to the spread of a limited number of pneumococcal clones. 66 
Clinical Epidemiology of Pneumococcal Diseases
Infections of the large and lower airways (pneumonia), upper respiratory tract (sinusitis), and auditory canal (otitis media) compose the vast majority of S. pneumoniae-associated disease (Figure 1) . 7 Although severe pneumococcal disease (e.g., necrotizing pneumonia, meningitis, and bacteremia) makes up a smaller disease group, these invasive infections cause the preponderance of S. pneumoniae -related mortality. Independent of race, children younger than two years experience a 10-fold increased incidence of bacteremia compared with matched adult populations. 8, 12, 67 Bacterial pneumonia most commonly occurs in the very young and the elderly; the spectrum of disease varies from mild to life threatening. Complications may include empyema, a self-limited pleural effusion, or extra pulmonary manifestations (e.g., bacteremia, meningitis). 68 S. pneumoniae, as an important cause of pediatric CAP, has been demonstrated in European and North American settings. In Finland, in order to investigate the etiology of pediatric CAP, a prospective, population-based study was conducted on the total population younger than 15 years of age (n=8 851) in four municipalities. The number of patients was 201. Chest radiographs were available for all cases and paired sera for serologic assays were available for over 90% of cases. The methods included assays for antibody response to three pneumococcal antigens, specific pneumococcal immune complex assays, and conventional antibody tests for mycoplasmal, chlamydial, and viral infections. Serologic evidence of specific microbial etiology was obtained in 133 (66%) of the pneumonia patients. Bacterial infection was diagnosed in 102 cases (51%) and viral infection in 51 cases (25%). S pneumoniae was the most common agent with 57 cases (28%), followed by Mycoplasma pneumoniae (22%), respiratory syncytial virus (21%) and Chlamydia spp.
(14%). H. influenzae was identified in only 6% and
Moraxella catarrhalis in only 3% of the children. More than one specific infection was found in 51 patients (25%). The proportion of pneumococcal cases varied by age from 24% to 36%. Consistant with the Finnish results, Wubbel and colleagues in USA identified etiologic agents in ambulatory pediatric patients (6 months to 16 years of age) with CAP, presenting to an emergency medical center in Texas. 69 They used culturing, PCR, and serology to verify the bacterial pathogen in 43% of patients in the study. Their results attributed infection to S. pneumoniae in 27% of patients, followed by M. pneumoniae in 7%, and Chlamydia pneumoniae in 6%.
The incidence and prevalence of acute and chronic sinusitis remain to be defined, and the criteria for diagnosis vary widely. Between 0.5% and 5% of upper respiratory tract infections may be complicated by acute sinusitis; in these cases, S. pneumoniae, nontypeable H. influenzae, and M. catarrhalis are the most common etiologic agents. [70] [71] [72] [73] Otitis media, the most common respiratory tract infection of infancy and early childhood, is primarily caused by three pathogens: S. pneumoniae, nontypeable H. influenzae, and to a lesser extent, M. catarrhalis. Episodes of otitis media are generally managed with antibacterial agents. 74 S. pneumoniae is the pathogen most often implicated in otitis media (35%-40% of cases) and the one least likely to resolve without treatment. [75] [76] [77] The disease affects at least 7 out of every 10 children; one third experience repeat episodes, and 5% to 10% of the cases develop chronic otitis media with effusion. 78 In many children, acute otitis media initiates the continuum of otitis media, leads to chronic otitis media with effusion, and in some cases, to chronic tissue sequelae (i.e., mucosal granulation, mastoiditis, ossicular erosion and fixation, and cholesteatoma). 78, 79 Subject of the current birth cohort will have had a total of 9.3 million episodes of acute otitis media by the time they reach two years of age. 80 In USA, the total annual treatment costs for otitis media and otitis media with effusion alone may exceed $5 billion in children younger than five years old. 75, 81 Multiresistant pneumococcal strains represent an important problem in the treatment of otitis media. The increasing rate of resistance to antibiotic drugs is associated with a decreased rate of eradication of pathogens from middle ear fluid, which in turn, is associated with clinical failure. A bacteriologic cure rate of 80% to 85% is observed for S. pneumoniae and nontypeable H. influenzae when serum concentrations exceed the MIC for 40% to 50% of the dosing interval. Comparative trials indicated that some beta-lactams could achieve bacteriologic eradication of acute otitis media, although major differences in outcome exist among agents based on pathogen, beta-lactamase status, and MIC values.
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Pneumococcal Vaccines
Current concerns about the epidemiology and pathogenesis of pneumococci include changing patterns of virulence, antimicrobial susceptibility, and the increased opportunity for spread in communal settings such as daycare centers. The global perspective of communicable diseases has been reflected in the spread of antibiotic-resistant pneumococci across borders and onto all continents. The widespread, indiscriminate overuse of antibiotics has created a situation that has led to the emergence of S. pneumoniae strains that harbor resistance to multiple antibiotics. Despite the continuing development of new antibiotics, the ability to effectively treat pneumococcal diseases is impaired by the rapid worldwide spread of antibiotic-resistant forms of the pathogen.
As a component of public health policies, vaccines are the most cost-effective medical intervention for preventing death and disease. Childhood immunization with vaccines represents the gateway to the provision of comprehensive healthcare which all children should be entitled. 82, 83 This is especially important in developing countries, where more than 80% of the children up to one year of age could be vaccinated against six childhood diseases (UNICEF).
Development of Pneumococcal Vaccines
The history of the development of pneumococcal vaccines began early in the 20th century. However, the development of a vaccine with adequate coverage was complicated by the existence of at least 90 distinct serotypes. 24 This obstacle was overcome with the introduction of a polyvalent vaccine through the persistent efforts of Dr. Robert Austrian. In 1977, a vaccine containing 14 of the most prevalent serotypes was licensed; this polysaccharide vaccine provided coverage against 80% of invasive pneumococcal isolates in the USA. In 1983, nine other serotypes were added (totaling 23 serotypes), increasing the total coverage to more than 90% of isolates in developed countries. 84 For more than 20 years, the pneumococcal 23-valent polysaccharide (23PS) vaccine has been available for use in persons older than two years of age. Retrospective studies have firmly established its clinical effectiveness in preventing IPD in older adults. 85 Moreover, the cost-effectiveness of vaccination against S. pneumoniae has been demonstrated in the USA and for several countries in Western Europe. In preventing nonbacteremic pneumococcal pneumonia in older adults, prospective clinical trials have been inconclusive. However, a recent retrospective study has shown that vaccination with 23PS reduces rates of hospitalization for pneumonia and for all-cause mortality in persons with chronic lung disease. 12, 86 Although the benefits of 23PS are undeniable, it has several limitations. 87 Several case-control studies and serotype prevalence evaluations have suggested an overall efficacy for 23PS of 50% to 81% for vaccinespecific serotypes in adults with bacteremic disease. [88] [89] [90] [91] A major limitation associated with 23PS is that these vaccines are not immunogenic or protective in children younger than two years-the age group at highest incidence for IPD, in part because they elicit a T-cell-independent response. 92 Similarly in the elderly, antibody levels to important serotypes for this age group decline to prevaccination values within 3 to 7 years. 93 To overcome the limitations of 23PS, pneumococcal conjugate vaccines were developed. This approach immunizes infants and young children against pneumococcal infections caused by presenting the capsular antigens to their immune systems in a form that is more immunogenic. Using this method, weak or nonimmunogenic antigens can become immunogenic by covalently coupling them to an immunogenic carrier protein. In this way, the antigen acquires the immunogenic character of its carrier and now becomes recognized by the immune system as T-cell dependent. Proteins are broken down into peptides that associate with class II major histocompatibility complex molecules on the cell surface, and then are presented to T cells to stimulate antibody production by B cells. 94 Such complexes can stimulate a T-helper-cell response, which in turn, generates stronger booster responses upon restimulation. 2 Conjugation was used to create Hib protein conjugate vaccines and has proven to be successful in controlling invasive Hib disease in vaccinated infants, especially meningitis. In the USA between 1989 and 1997, the use of Hib conjugate vaccines reduced the incidence of invasive Hib disease by more than 99% in children younger than five years. 95, 96 The biochemical issues involved in constructing optimal pneumococcal conjugate vaccines have been shown to vary by serotype. Thus, specific formulations have been necessary for certain serotypes to maximize the immune response and to counteract variable exposure to different pneumococcal polysaccharides. 2 Other important factors that may influence the immunogenicity of conjugate vaccines include: a) the selection of a protein carrier that avoids carrier-mediated suppression of the antibody response; b) the frequency for immunization; c) the use of adjuvants; and d) the age and immunocompetency of the host.
2,97
Fortunately, not all serotypes are equally prevalent, so an effective conjugate vaccine needs to contain only those serotypes most commonly associated with pneumococcal disease. 98 The number of vaccine serotypes is generally limited because each serotype must be individually conjugated to the carrier, and there is concern about limiting the total dose of carrier protein to control carrier-induced tolerance. 74, 99 Other limitations may include the volume of vaccine dose that would be required for administration if more conjugated 23PS was included and the overall cost of the vaccine.
Serotype Specificity of Conjugate Vaccines
The effectiveness of potential conjugate vaccine formulations to prevent pneumococcal disease in children depends, in part, on the proportion of infections caused by serotypes included in the vaccines. To optimize the formulation of conjugate vaccines and to evaluate the appropriateness of their use in various geographic areas and age groups, it was necessary first to understand the serogroup-specific epidemiology of S. pneumoniae. 100 Considering the large number of epidemiologic studies about pneumococcal serotype distribution worldwide, Hausdorff and colleagues performed several data analyses designed to reveal which pneumococcal serotypes should be included in conjugate vaccines. 101 The investigators analyzed more than 70 data sets to compare the serogroups causing IPD with those represented in conjugate formulations. In each geographic region, the results showed that 5 to 8 serogroups composed at least 75% of pneumococcal isolates in young children and 10 to 11 serogroups composed the same percentage of isolates in older children or adults. Serogroups in the 7-valent formulation (i.e., 4, 6, 9, 14, 18, 19, and 23) caused 70% to 88% of IPD in young children in the USA, Canada, Oceania, Africa, and Europe, and over 65% of IPD in Latin America and Asia. Serogroups in the 9-valent formulation (the 7-valent vaccine plus serogroups 1 and 5) caused 80% to 90% of IPD in each region except Asia (66%). Serogroup 1 accounted for more than 6% of IPD in each region, including Europe, but not in the USA, Canada, and Oceania. In contrast, several serogroups not found in the 7-valent, 9-valent, or 11-valent conjugate (the 7-valent vaccine plus serogroups 1, 3, 5, and 7) formulations caused significant disease in older children and adults. Nevertheless, each conjugate formulation could prevent a substantial burden of IPD in each region and age group.
To assess whether certain serogroups of S. pneumoniae were preferentially associated with specific disease manifestations, Hausdorff and associates also analyzed pneumococcal disease studies and assessed the relative frequency of isolation of each serogroup by clinical site (as a proxy for different disease states). 101 In all age groups, serogroups 1 and 14 were more often isolated from blood, and serogroups 6, 10, and 23 were more often isolated from cerebrospinal fluid. In young children, serogroups 3, 19, and 23 were more often isolated from middle ear fluid. Serogroups represented in conjugate vaccines were isolated slightly salud pública de méxico / vol. 43, no.4, julio-agosto de 2001 Echániz-Avilés IG, Solórzano-Santos F less frequently from cerebrospinal fluid than from blood or middle ear fluid. Nonetheless, serogroups in the 9-valent conjugate vaccine formulation still composed approximately 75% of pneumococcal isolates from the cerebrospinal fluid of young children in Europe, the USA, and Canada. These analyses indicate that pneumococcal conjugate vaccines could potentially prevent a substantial proportion of episodes of bacteremic disease, pneumonia, meningitis, and otitis media, especially in young children. 101 As shown in Table I , several different sets of efficacy trials are in progress worldwide, each examining different clinical endpoints.
Safety and Immunogenicity of Pneumococcal Conjugate Vaccines
One of the first clinical trials with a pneumococcal 7-valent conjugate vaccine was performed by Anderson and associates. 102 This study evaluated the safety, immunogenicity, and immunologic memory of a pneumococcal 7-valent (4, 6B, 9V, 14, 18C, 19F, and 23F) vaccine conjugated to the outer membrane protein complex of Neisseria meningitidis (Pnc-OMP) in young infants. Healthy two-month-old infants and 12-to 15-month-old control infants were recruited from participating private practices. Infants (n=25) were vaccinated at two, four, and six months of age with Pnc-OMP, followed by a single dose of 23PS (n = 20) at 12 to 15 months of age. Thirteen infants who had not received Pnc-OMP served as control subjects and were given a single dose of 23PS at 12 to 15 months of age.
Pnc-OMP was well tolerated by the infants. The conjugate vaccine was highly immunogenic in young infants, significantly increasing antibody to all seven serotypes after two or three injections. At 12 to 15 months of age, infants who had been primed with the conjugate vaccine had a brisk immunologic response to the booster injection of 23PS. Control infants had negligible immunologic responses to 4 of the 7 serotypes and low responses to the other three serotypes. Overall, Pnc-OMP administered to young infants was well tolerated highly immunogenic and provided immunologic memory to an injection of 23PS.
In 1997, Dagan and colleagues published a report detailing the safety and immunogenicity of two 4-valent pneumococcal vaccines containing serotypes 6B, 14, 19F, and 23F. 103 These polysaccharides were conjugated to either a tetanus toxoid (Pnc-T) or a diphtheria toxoid (Pnc-D). Pnc-T, Pnc-D, or placebo vaccines were administered intramuscularly in a double-blind fashion (25 infants per group) at two, four, and six months of age. At 12 months of age, all 75 children were boosted with 23PS. Both Pnc-T and Pnc-D vaccines resulted in higher antibody concentrations compared with placebo after primary immunity (serotype 6B: 1.66, 1.40, and 0.60 µg/ml; serotype 14: 4.81, 2.65, and 2.22 µg/ml; serotype 19F: 2.40, 3.48, and 0.83 µg/ ml; and serotype 23F: 0.96, 0.44, and 0.35 µg/ml, respectively). The proportion of infants with antibody concentrations above 1.0 µg/ml was also higher in the conjugate vaccine groups than in the placebo group. After the booster with 23PS, both the geometric antibody concentrations and the proportion of infants with concentrations 1.0 µg/ml or greater were significantly higher in the Pnc-T or Pnc-D groups than in the placebo group. Both 4-valent conjugate vaccines were well tolerated, and each induced serotype-specific anticapsular antibodies and immunologic memory. The impact of a conjugate vaccine on pneumococcal carriage was studied by Mbelle and colleagues. 104 The study evaluated the safety, immunogenicity, and impact on carriage of a pneumococcal 9-valent (serotypes 1, 4, 5, 6B, 9V, 14, 18C, 19F, and 23F) conjugate vaccine (PNCRM9). The 9-valent vaccine was administered at ages 6, 10, and 14 weeks in a double-blind, randomized, placebo-controlled trial in 500 infants in Soweto, South Africa. No serious local or systemic adverse events were recorded. Significant antibody responses to all pneumococcal serotypes were observed four weeks after the third dose. Hib polyribosylribitol phosphate geometric mean concentration (GMC) (11.62 µg/ml) and diphtheria antibodies (1.39 IU/ml) were significantly higher in children receiving PNCRM9 compared with placebo recipients (4.58 µg/ml and 0.98 IU/ml, respectively). Nasopharyngeal carriage of the vaccine-specific serotypes at 9 months of age decreased in the group receiving PNCRM9 compared with the placebo group (18% vs 36%). However, carriage of nonvaccine-specific serotypes was found to be more prevalent (36% vs 25%), suggesting the potential for nasopharyngeal replacement by serotypes not included in the vaccine. Carriage of penicillin-resistant pneumococci (21% vs 41%) and cotrimoxazole-resistant pneumococci (23% vs 35%) were significantly reduced nine months after vaccination with PNCRM9, compared with controls.
Safety, tolerability, and immunogenicity studies have demonstrated an adequate immune response that is serotype-specific. Rennels and colleagues determined the safety and immunogenicity of PNCRM7 administered at two, four, six, and 12 to 15 months of age.
105 PNCRM7 comprises serotypes 4, 6B, 9V, 14, 18C, 19F, and 23F, and is covalently linked to a nontoxic variant of diphtheria (CRM 197 ). Two-month-old infants (n= 212) were equally randomized to receive four consecutive doses of PNCRM7 or meningococcal group C conjugate vaccine (control). Concomitantly administered routine vaccines were oral polio vaccine and combined diphtheria toxoid, tetanus toxoid, and whole-cell pertussis vaccine (DTP)/Hib conjugate vaccine (HbOC) at two, four, and six months, and either measles-mumps-rubella vaccine or HbOC at 12 to 15 months. Active safety surveillance was conducted for 3 days after each dose. Antibody concentrations to each of the 7-pneumococcal serotypes were measured by enzyme-linked immunosorbent assay prevaccination after Doses 2 and 3, prebooster, and postbooster.
Significantly fewer children experienced local reactions at the PNCRM7 injection site than at the DTP/ HbOC site. There was no increase in the incidence or severity of local reactions at the PNCRM7 site with increasing doses of the vaccine. Mild-to-moderate postvaccination fever was common in both the PNCRM7 and control vaccine groups, which may have been related to the concurrently administered DTP/HbOC. All seven vaccine serotypes were immunogenic and kinetics of the immune responses was serotype-specific. After three doses of PNCRM7, 92% to 100% of children had an antibody of 0.15 µg/ml or greater, and 51% to 90% achieved a level of 1 µg/ml or greater against specific serotypes. A booster dose of PNCRM7 resulted in a brisk anamnestic response to all seven vaccine serotypes, demonstrating effective stimulation of T-cell memory by the primary series of vaccinations. Primary immunization followed by a booster dose of PNCRM7 was acceptably safe and resulted in significant rises in antibody to all seven serotypes.
Shinefield and colleagues performed a randomized, double-blind safety and immunogenicity study in 302 healthy infants in the Northern California Kaiser Permanente Health Plan, in which infants received either PNCRM7 or meningococcal group C conjugate vaccine (control) at two, four, and six months of age and a booster at 12 to 15 months. 106 The primary objectives of the study were to: a) determine the safety and immunogenicity of PNCRM7 in infants, and b) examine the effects of concurrent hepatitis B immunization during the primary series and the effects of concurrent diphtheria and tetanus toxoid and acellular pertussis (DTaP [ACEL-IMUNE"]) and HbOC (HibTITER") immunization -at the time of the booster dose-on the safety and immunogenicity of PNCRM7. Antibody titers were determined on blood samples drawn before and one month after the primary series and the booster dose.
After the third dose of PNCRM7, GMC ranged from 1.01 µg/ml for serotype 9V to 3.72 µg/ml for serotype 14. More than 90% of all subjects had a Postdose 3 titer of 0.15 µg/ml or greater for all serotypes, and the percentage of infants with a Postdose 3 titer of 1.0 µg/ ml or greater ranged from 51% for serotype 9V to 89% for serotype 14. After the PNCRM7 booster dose, the GMC of all seven serotypes increased significantly over both Postdose 3 and Predose 4 antibody levels. In the primary series, there were no significant differences in the GMC of pneumococcal antibodies between the subjects given PNCRM7 alone or concurrently with hepatitis B vaccine. At the toddler dose, concurrent administration of PNCRM7 and DTaP/HbOC resulted in a near conventional threshold for statistical significance of a Postdose 4 GMC for serotype 23F (alone vs concurrent, 6.75 µg/ml vs 4.11 µg/ml; p = 0.057), as well as significantly lower antibody GMC for H. influenzae polyribosylribitol phosphate, diphtheria toxoid, per-salud pública de méxico / vol. 43 
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Echániz-Avilés IG, Solórzano-Santos F tussis toxin, and filamentous hemagglutinin. When PNCRM7 was administered concurrently at the booster dose with DTaP/HbOC vaccines, lower antibody titers were noted for some of the antigens, compared with the antibody response when PNCRM7 was given separately. Because the GMC of the booster responses were all generally high, and all subjects achieved similar percentages above predefined antibody titers, these differences were probably not clinically significant.
Efficacy of PNCRM7 Against IPD and Acute Otitis Media
Black and Shinefield reported the results from a study conducted by the Northern California Kaiser Permanente Vaccine Study Center to determine the efficacy, safety, and immunogenicity of PNCRM7 and its effectiveness against invasive disease caused by the serotypes contained in the vaccine. 107 A secondary endpoint was to determine efficacy against clinical episodes of otitis media. The conjugate vaccine was administered to infants at two, four, and six months of age, followed by a booster dose at 12 to 15 months of age in a double-blind trial; 37 868 children were randomly assigned 1:1 to receive either PNCRM7 or meningococcus type C CRM 197 conjugate vaccine (control). The primary study outcome was IPD caused by vaccine-specific serotypes. Other outcomes included: a) overall impact on IPD, regardless of serotype; b) effectiveness against clinical otitis media visits and episodes; c) impact against frequent and severe otitis media; and d) ventilatory tube placement. In addition, the serotype-specific efficacy against otitis media was estimated in an analysis of spontaneously draining ears.
Through August 1998, no cases of pneumococcal infection due to vaccine serotype pneumococci had occurred in those children receiving PNCRM7. There were 17 cases of IPD caused by vaccine serotypes in fully vaccinated children and five among partially vaccinated cases in the control group, for a vaccine efficacy of 100%. Blinded case ascertainment was continued until April 1999. At that time, 40 cases of IPD in fully vaccinated children caused by vaccine-specific serotypes had been identified, all but one in the control group, for an efficacy of 97.4% (95% confidence interval, 82.7%-99.9%); and 52 cases in the intent-to-treat analysis, all but three were in the control group for an efficacy of 93.9% (95% confidence interval, 79.6%-98.5%). There was no evidence of any increase of disease caused by nonvaccine serotypes. These results indicated that PNCRM7 was safe and highly effective in preventing IPD caused by the seven serotypes contained in the vaccine. In February 2000 after extensive research, PNCRM7 (Prevenar ® /Prevnar ® ) was licensed for use in the USA for the prevention of IPD in infants and young children caused by S. pneumoniae.
The efficacy of PNCRM7 in preventing acute otitis media had been documented in the Kaiser Permanente trial as well as the Finnish Otitis Media trial (FinOM). 103 Efficacy estimates of PNCRM7 from both trials were remarkably similar; efficacy rates were higher in recurring infection (Table II) . 107 Overall efficacy of the conjugate vaccine against all episodes of acute otitis media regardless of etiology was approximately 6% in both studies. In the FinOM Trial, efficacy against acute otitis media caused by vaccine-specific serotypes was 57%; efficacy against various vaccine serotypes ranged from 25% to 84%. Efficacy against cross-reactive serotypes was 51%. Although PNCRM7 reduced the rate of acute otitis media due to vaccine-specific serotypes and cross-reactive types, there was some associated replacement occurring with nonvaccine serogroups. An increased of 33% was observed in the rate of acute otitis media caused by such nonvaccine serotypes; these serotypes not included in the vaccine have the potential to be pathogenic as well. 108 In the Kaiser Permanente trial there was no evidence of increased disease due to nonvaccine serotypes. Efficacy in this trial against physician office visits, episodes of acute otitis media, instances of frequent otitis media, and related ventilatory tube placement was 8.9%, 7.0%, 9.3%, and 20.1%, respectively (p< 0.04 for all). In the analysis of spontaneously draining ears, serotype-specific effectiveness was 66.7%. Overall, the results of these two trials have demonstrated that PN-CRM7 had an impact on reducing otitis media episodes and providing protection against both vaccine-specific and cross-reactive pneumococcal serotypes. 
Recommendations for the Prevention of IPD
The American Academy of Pediatrics 109 and the Centers for Disease Control (CDC) Advisory Committee on Immunization Practices (ACIP) 110 have published their recommendations for the prevention of pneumococcal infections, including the use of pneumococcal conjugate and polysaccharide vaccines and antibiotic prophylaxis. PNCRM7 is recommended for universal use in children 23 months and younger, and should be administered concurrently with other recommended childhood vaccines at two, four, six, and 12 to 15 months of age. As shown in Table III , administration of a reduced number of doses is recommended for children 7 to 23 months old who have not received previous doses of PNCRM7. Two doses of PNCRM7 are recommended for children 24 to 59 months old at high risk of IPD -including children with functional, anatomic, or congenital asplenia; infection with human immunodeficiency virus; and other predisposing conditions-who have not been immunized previously with PNCRM7 (Table IV) .
Recommendations have been made for the use of 23PS in high-risk children to expand serotype coverage. High-risk children should be given vaccines at the earliest possible opportunity. The use of antibiotic prophylaxis in children younger than five years of age with functional or anatomic asplenia, including children with sickle cell disease, continues to be recommended. Children who have not experienced IPD and who have received the recommended pneumococcal immunizations may discontinue prophylaxis after five years of age. The safety and efficacy of PNCRM7 and 23PS in children 24 months or older at moderate or low risk of invasive pneumococcal infection remains under investigation. Current FDA indications are for the administration of PNCRM7 to children younger than 24 months. Data are insufficient to recommend Table IV . ‡ Booster doses to be given at least 6-8 weeks after the final dose of the primary series routine administration of PNCRM7 for children at moderate risk of IPD, including all children 24 to 35 months old, children 36 to 59 months old who attend out-of-home care, and children 36 to 59 months old who are of Native American, Alaska Native, or African American descent. However, all children 24 to 59 months old, regardless of whether they are at low or moderate risk, may benefit from the administration of pneumococcal immunizations. Therefore, a single dose of PNCRM7 or 23PS vaccine may be given to children 24 months or older. 23PS is an acceptable alternative to PNCRM7, although an enhanced immune response and probable reduction of nasopharyngeal carriage favor the use of PNCRM7, whenever possible.
Economic Impact of Vaccination Against Pneumococcal Disease
To evaluate the projected health and economic impact of pneumococcal conjugate vaccination of healthy US infants and young children, Lieu and associates designed a cost-effectiveness analysis based on data from the Northern California Kaiser Permanente randomized trial and other published and unpublished sources. The study used a hypothetical US birth cohort of 3.8 million infants. 111 The investigators studied hypothetical comparisons of routine vaccination of healthy infants requiring four doses of PNCRM7 (at two, four, six, and 12-15 months), catch-up vaccination of children 2 to 4.9 years of age requiring one dose, and children receiving no intervention. Study objectives were the determination of cost per life-year saved and cost per episode of meningitis, bacteremia, pneumonia, and otitis media prevented.
Results from the study showed that vaccination of healthy infants would prevent more than 12 000 cases of meningitis and bacteremia, 53 000 cases of pneumonia, one million episodes of otitis media, and 116 deaths due to pneumococcal infection. Before accounting for vaccine costs, the vaccination program would save $342 million in medical costs and $415 million in work-loss and other costs from averted pneumococcal disease. Vaccination of healthy infants would result in a net savings for society if the vaccine cost less than $46 per dose, and savings for the health care payer if the vaccine cost less than $18 per dose. At the manufacturer's list price of $58 per dose, infant pneumococcal conjugate vaccination would cost $80 000 per life-year saved, compared with the accepted benchmark of $50 000 per life-year saved (other estimated costs would be $160 per otitis media episode prevented, $3 200 per pneumonia case prevented, $15 000 per bacteremia case prevented, and $28 000 per meningitis case prevented). The cost-effectiveness of an additional program to administer one dose of vaccine to children 2 to 4.9 years of age would vary, depending on the children's ages, relative risks of pneumococcal disease, and vaccine cost.
Another analysis of benefits and costs of routine vaccination with PNCRM7 was performed by Weycker and colleagues. 112 A decision-analytic model was created to estimate the cumulative numbers of cases and costs to age 10 years for acute otitis media, tympanostomy and related procedures (TRP), and CAP in children who either did or did not receive PNCRM7. Seven hypothetical cohorts of 1 000 children, stratified by age at initial vaccination, were followed. Outcome measures included cost of vaccination, cumulative numbers of cases of acute otitis media, TRP and CAP to age 10 years, and related disease costs, including medical treatment and parental work-loss. Routine vaccination of 1 000 children against pneumococcal infection would cost between $57 000 and $226 000 depending on age. Acute otitis media, TRP and CAP to age 10 years would decline by 139 cases to 330, by 8 cases to 22, and by 15 cases to 30, respectively; costs of medical treatment and work-loss would correspondingly decline by $56 000 to $138 000. Expected net economic benefits (benefits minus costs) of vaccination against pneumococcal otitis media and pneumonia range from -$88 000 to $15 000 for children younger than two years of age, and from -$1 000 to $31 000 for those 2 to 5 years of age at vaccination. Results showed that routine vaccination for children younger than two years of age appears to be cost increasing, but would be cost-saving for children 2 to 5 years of age who would require only a single dose of the vaccine.
There is little information at present, however, on the duration of protection afforded by pediatric bacterial vaccines. It is known that pneumococcal disease decreases after five years of age. The study by Weycker and associates assumed that immunity would extend to age 10 years for children younger than two years of age at initial vaccination, but at half the initial rate after five years of age. Long-term studies and clinical usage data are needed to accurately estimate the persistence of pneumococcal conjugate vaccines protection.
Vaccination of healthy US infants with PNCRM7 has the potential of being cost-effective. The financial costs of medical use and work-loss resulting from common vaccine-associated symptoms are significant, and should be incorporated into economic analyses. 113 In addition to measurable but highly significant costs, the vaccine should be appraised based on the less tangi-ble value of preventing mortality and morbidity from pneumococcal disease.
Future Challenges and Considerations
Conjugate vaccines have reduced the incidence of invasive disease caused by Hib in industrialized countries and may be highly effective against S. pneumoniae. However, the serotype specificity of pneumococcal conjugate vaccines has led to the concern that their use may increase carriage of and disease from serotypes not included in the vaccines. Replacement has not occurred with Hib conjugate vaccines, but has been reported in trials of pneumococcal conjugate vaccines. In the controlled trial done in Soweto, South Africa by Mbelle and associates, results showed that vaccination with a 9-valent pneumococcal vaccine significantly reduced nasopharyngeal carriage of serotypes 19F and 6B. 104 Serotypes 6A and 6B differ only in the linkage of a single sugar in the carbohydrate molecule, and it is of some concern that the vaccine did not reduce carriage of serotype 6A. 114 Fifteen percent of the residual nasopharyngeal carriage of antibiotic-resistant strains in the study was due to the continued carriage of serotype 6A. These results would seem to correlate with those of Nahm and colleagues, who found that polysaccharide from serotype 6B induced cross-reacting antibodies that had little opsonic activity against serotype 6A.
115 It may, therefore, be important for future generations of vaccines to include this pneumococcal serotype. The concept that widespread use of pneumococcal conjugate vaccines might lead to recolonization by nonvaccine serotypes, alteration of serotype distribution, and new strains of invasive disease remains controversial. Nasopharyngeal studies using various pneumococcal conjugate vaccines have reported wide variability in the degrees of carriage replacement; however, these studies have not linked such carriage replacement to clinical disease. 116, 117 In order to overcome serotype specificity of pneumococcal vaccines, extensive work has been done by Briles and associates regarding pneumococcal proteins and the potential for use as pneumococcal vaccines. 118 Pneumococcal proteins either alone, in combination with each other, or in combination with capsular polysaccharide-protein conjugates may be useful vaccine components. Four proteins with the potential for use in vaccines are PspA, PspC, pneumolysin, and PsaA. In a mouse model of carriage, PsaA and PspC were the most efficacious vaccine proteins. Of these proteins, PsaA was the best at eliciting protection against carriage. However, a combination of PspA and pneumolysin may elicit a stronger immunity to pulmonary infection and possibly sepsis than either protein alone. Results of a phase I trial of a recombinant family 1 PspA demonstrated that the protein was immunogenic and safe. Injection of 0.1 ml of immune serum diluted 1/400 protected mice from a fatal infection with S. pneumoniae. Under these conditions, preimmune serum was not protective. The immune human serum protected mice from infections with pneumococci expressing either of the major PspA families (1 and 2) and both of the pneumococcal capsular types tested (3 and 6). 119 The possibility of using immunity to virulence proteins of S. pneumoniae to elicit immunity against pneumococci has been examined. Additionally, PspA had been found to have efficacy against otitis media in animals. Vaccination with a mixture of PsaA and PspA had been observed to offer better protection against nasal carriage in mice than vaccination with either protein alone. PspA and pneumolysin have been shown to elicit protection against invasive pneumococcal infections. The inclusion of some of these proteins into the polysaccharide-protein conjugate vaccines may enhance their efficacy against otitis media and may help to constitute a successful all-protein pneumococcal vaccine. 120 Mathematical models can be used to elucidate the contrasting outcomes, predict the conditions under which serotype replacement is likely, interpret the results of conjugate vaccine trials, design trials that will better detect serotype replacement (if it occurs), and suggest factors to consider in choosing the serotype composition of vaccines.
121
PNCRM7 has been shown to be highly effective for children younger than two years. No significant safety problems associated with vaccination have occurred in clinical trials conducted since 1992. 122 Clinical trials show that PNCRM7 is more than 95% effective at preventing IPD due to serotypes included in the vaccine and has also shown some efficacy against noninvasive disease. 107 The ability of PNCRM7 to prevent IPD may also present an opportunity to reduce empiric use of antibiotics for young children who have fever of unknown origin. Concern about IPD among young children who present with fever of unknown origin is a common reason for antibiotic prescription in this age group. The importance of such empiric therapy has been questioned in the USA now that the incidence of invasive disease caused by Hib has declined dramatically. 123 Empiric therapy may be even less well founded among children who also received appropriate vaccination with PNCRM7. Thus, antibiotic use in this age group may be reduced in settings with high vaccination coverage. 124 salud pública de méxico / vol. 43, no.4, julio-agosto de 2001 Echániz-Avilés IG, Solórzano-Santos F Future hopes of reducing childhood mortality by vaccination against pneumococcal infections do not lie solely in the vaccine formulations mentioned herein. Natural populations of pneumococci may switch their capsular genes, and the selective pressure of conjugate vaccination may lead to the spread of resistance genes to strains with nonvaccine-associated capsules. 125 As the capsule is the major virulence determinant of the pneumococcus, it is probable that the nonvaccine serotypes will remain less invasive.
Although global use of pneumococcal conjugate vaccines may reduce the high rates of childhood mortality in developing countries, the geographic and temporal variation of S. pneumoniae isolated from children and the capsular switching events already demonstrated in a Mexican invasive strain suggest that species-wide, protein-based vaccines may be needed to provide more widespread protection against death and disease caused by the bacterial pathogen. 50 Additionally, the concerted efforts of public health authorities, pediatricians, and community members toward a more prudent use of antibiotics could enable better control and improve the outcomes of infections caused by S. pneumoniae and other bacterial infectious agents.
Summary
As one of the leading causes of bacteremia, meningitis, pneumonia, and otitis media in the pediatric population, S. pneumoniae represents a significant public health burden worldwide. Treatment and management of pneumococcal disease has become increasingly complex because of the growing incidence of antibiotic-resistant strains of S. pneumoniae; thus, the best management strategy may be prevention of the disease through vaccination. Although several pneumococcal vaccines have been studied in infants and children, only PNCRM7 is currently approved in the USA for the prevention of IPD in infants and young children. Vaccination with PNCRM7 is safe and effective in infants and young children, and routine vaccination may promote the significant improvement of outcomes for patients with pneumococcal disease.
The routine use of PNCRM7 could improve patient outcomes by safeguarding against the development of antibiotic-resistant strains of pneumococcus, thus simplifying the management of pneumococcal disease. Additionally, the costs associated with treatment could be substantially reduced. The cost of pneumococcal conjugate vaccines may determine the ability of the global community to use these vaccines, particularly in developing countries where limited healthcare budgets may dictate that funds be used for more pressing priorities. 126 However, in light of the global importance of S. pneumoniae as a cause of illness, sequelae, and death, and the emergence of drug resistance, which is making these infections more difficult to treat successfully, it is time a concerted effort be applied using scientific advances to overcome obstacles of critical clinical and public health importance. 127 
